Abstract Processes catalyzed by enzymes offer numerous advantages over chemical methods although in many occasions the stability of the biocatalysts becomes a serious concern. Traditionally, synthesis of nucleosides using poorly watersoluble purine bases, such as guanine, xanthine, or hypoxanthine, requires alkaline pH and/or high temperatures in order to solubilize the substrate. In this work, we demonstrate that the 2′-deoxyribosyltransferase from Leishmania mexicana (LmPDT) exhibits an unusually high activity and stability under alkaline conditions (pH 8-10) across a broad range of temperatures (30-70°C) and ionic strengths (0-500 mM NaCl). Conversely, analysis of the crystal structure of LmPDT together with comparisons with hexameric, bacterial homologues revealed the importance of the relationships between the oligomeric state and the active site architecture within this family of enzymes. Moreover, molecular dynamics and docking approaches provided structural insights into the substrate-binding mode. Biochemical characterization of LmPDT identifies the enzyme as a type I NDT (PDT), exhibiting excellent activity, with specific activity values 100-and 4000-fold higher than the ones reported for other PDTs. Interestingly, LmPDT remained stable during 36 h at different pH values at 40°C. In order to explore the potential of LmPDT as an industrial biocatalyst, enzymatic production of several natural and non-natural therapeutic nucleosides, such as vidarabine (ara A), didanosine (ddI), ddG, or 2′-fluoro-2′-deoxyguanosine, was carried out using poorly water-soluble purines. Noteworthy, this is the first time that the enzymatic synthesis of 2′-fluoro-2′-deoxyguanosine, ara G, and ara H by a 2′-deoxyribosyltransferase is reported.
Introduction
Nucleic acid derivatives (NADs) such as nucleosides, nucleotides, or nucleobases are known to be ubiquitous molecules in biochemical processes of storage and genetic transfer of the information. Besides, the therapeutic potential and applicability of many NADs to treat diseases or their use as building blocks in the synthesis of oligonucleotides is well known (De Clerq 2005a, b; Galmarini et al. 2002; Parker 2009; Robak et al. 2006) . Therefore, many efforts have been made over the N.C and P.A.S-M contributed equally to this work.
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years to improve the synthetic methods to obtain NADs. Conventionally, these molecules have been synthesized by chemical methods, which often require time-consuming multistep processes, including protection-deprotection strategies or the use of chemical reagents and organic solvents that are expensive and environmentally harmful (Boryski 2008) . In contrast, the alternative enzymatically based approaches for the synthesis of NADs have gained relevance due to the easy implementation of one-pot one-step reactions under mild conditions or environmentally friendly conditions (Lewkowicz and Iribarren 2006; Mikhailopulo 2007; Fresco-Taboada et al. 2013) . Hence, the replacement of chemical synthesis by enzymatic or chemo-enzymatic strategies in the industrial synthesis of NADs is frequently observed. In this respect, microbial nucleoside phosphorylases (NPs) and Ndeoxyribosyltransferases (NDTs) are extensively used in the synthesis of natural and non-natural nucleosides as biocatalyst for the transfer of glycosyl residues to acceptor bases (FrescoTaboada et al. 2013) .
N-deoxyribosyltransferases (EC 2.4.2.6) catalyze the direct transfer of the 2-deoxyribosyl moiety from a 2′-deoxynucleoside donor to a nucleobase acceptor through a one-step reaction (Fresco-Taboada et al. 2013; Kaminski 2002) . Nucleoside 2′-deoxyribosyltransferases are classified into two classes depending on their substrate specificity: type I (PDT), which are specific for purines (Pur↔Pur) and type II (NDT), which catalyzes the transfer between purines and/or pyrimidines (Pur↔Pur, Pur↔Pyr, Pyr↔Pyr) (Fresco-Taboada et al. 2013; Fernández-Lucas et al. 2010) . Although NDTs are regio-(N-1 glycosylation in pyrimidine and N-9 in purine) and stereoselective (exclusivel y t he β -a n o m e r s a r e f o r m e d ) e n z y m e s fo r 2′ -deoxyribonucleosides, recent studies have revealed that some NDTs can recognize substrates containing modifications at positions 2′C and 3′C of the deoxyribose moiety (Fresco-Taboada et al. 2013; Kamisnki et al. 2008) .
Enzymatic synthesis of natural and non-natural nucleosides using poorly water-soluble purine bases is hindered by the low solubility of some purines, such as guanine, hypoxanthine, or xanthine, which may cause underperformance of the biocatalyst (Yokozeki and Tsuji 2000; Okuyama et al. 2003) . Traditionally, to circumvent this limitation, high temperature and alkaline conditions were used, resulting in a higher solubilization of substrates, a diminution of medium-viscosity, and an increase of substrate diffusion coefficients, leading to higher overall reaction rate. Unfortunately, neither PDT nor NDT enzymes exhibit high catalytic activities under basic pH values or high temperatures. Okuyama et al. (2003) have applied a smart approach by coupling the production 2,6-diaminopurine-2′-deoxyriboside by the NDT from Lactobacillus helveticus (LhNDT) with a bacterial adenosine deaminase (EcADA) for the ensuing hydrolytic step to obtain 2′-deoxyguanosine (dGuo) in high yields. Complementarily, the addition of water-miscible organic solvents to the reaction media to improve the solubility of guanine has been described (Yokozeki and Tsuji 2000; Müller et al. 1996) . As an example, we have recently reported the effect of several water-miscible co-solvents on the activity and stability of free and immobilized 2′-deoxyribosyltransferase from Lactobacillus reuteri in order to establish the optimal conditions for enzymatic synthesis of nucleosides using poorly water-soluble purine bases (Fernández-Lucas et al. 2012) .
Here, we have carried out thorough structural and biochemical studies of the 2′-deoxyribosyltransferase type I from Leishmania mexicana (LmPDT). Structurally, the comparison of the dimeric assembly of LmPDT with bacterial, hexameric homologues has revealed unexpected features of the active site architecture of these enzymes. Conversely, as a biocatalyst, LmPDT presents significant stability and catalytic activity under alkaline and high temperature experimental conditions, displaying high activity values compared to other reported PDTs (Kaminski 2002; Lawrence et al. 2009 ). These unusual catalytic properties together with the promiscuity in the recognition of the sugar moiety showed by LmPDT allowed the synthesis of different purine nucleoside analogues from poorly soluble purine bases. To the best of our knowledge, this is the first time that enzymatic synthesis of ara G, ara H, and 2′-fluoro-2′-deoxyguanosine is reported by using a 2′-deoxyribosyltransferase as catalyst.
Materials and methods

Reagents
Cell culture medium reagents were from Difco (St. Louis, MO). Trimethylammonium acetate buffer were purchased from Sigma-Aldrich. All other reagents and organic solvents were purchased to Scharlab (Barcelona, Spain) and Symta (Madrid, Spain). All NADs (nucleosides and nucleobases) used in this work were provided by Carbosynth Ltd. (Compton, UK).
Gene cloning and expression and protein production and purification
The synthetic pdt gene encoding the putative PDT from L. mexicana (European Nucleotide Archive code: CBZ27326.1; UniProtKB code E9AWJ0) was ordered and purchased from Genscript (USA). The coding sequence appeared as a NdeI-EcoRI fragment subcloned into the expression vector pET28b(+). The resultant, recombinant vector pET28bLmPDT provided the corresponding N-terminal His 6 -tagged fusion protein with a thrombin cleavage site between the tag and the enzyme. The recombinant enzyme was produced in Escherichia coli BL21(DE3) grown in LB medium at 37°C with kanamycin 50 μg/mL. Protein overexpression was induced by adding 0.5 mM isopropil-β-D-1-thiogalactopyranoside and the cells further grown for 3 h. The cells were harvested via centrifugation at 3500×g. The resulting pellet was resuspended in Tris buffer (20 mM TrisHCl, pH 8.0, containing 100 mM NaCl). Crude extracts were prepared by French press lysis of cell suspensions. The lysate was centrifuged at 17500×g for 40 min and the supernatant was filtered through a 0.22-μm filter (Millipore). The cleared lysate was then loaded onto a 5-mL HisTrap FF column (GE Healthcare) pre-equilibrated in a binding buffer (20 mM TrisHCl buffer, pH 8.0, with 100 mM NaCl and 10 mM imidazole) and the column was washed. Bound proteins were eluted using a linear gradient of imidazole (from 10 to 500 mM). Fractions containing LmPDT were identified by SDS-PAGE, pooled, concentrated, and loaded onto a HiLoad 16/60 Superdex 200 prep grade column (GE Healthcare) preequilibrated in Tris buffer. Fractions with the protein of interest identified by SDS-PAGE were pooled and the protein was concentrated and stored at −80°C until its use. Protein concentration was determined spectrophotometrically by UV absorption at 280 nm using a ε 280 = 34,380 M −1 cm −1 (Gill and Von Hippel 1989) .
N-deoxyribosyltransferase assay
The standard enzymatic activity assay was performed in a final volume of 40 μL by addition to the pure enzyme (0.3 μg of in 50 mM MES buffer, pH 6.5) the substrate (dGuo or Ade 10 mM in 50 mM MES buffer, pH 6.5) for 5 min at 40°C (30 rpm). The enzymatic reaction was quenched by addition of 40 μL of cold methanol in ice-bath and heated for 5 min at 95°C as described previously (Fernández-Lucas et al. 2010; Fernández-Lucas et al. 2012) . After centrifugation at 9000×g for 2 min, samples were half-diluted with water and the nucleoside production was analyzed by HPLC to quantitatively measure the reaction products as described below in the analytical methods. All determinations were carried out by triplicate and the maximum error was below 5%. In such conditions, one international activity unit (IU) was defined as the amount of enzyme producing 1 μmol/min of 2′-deoxyadenosine under the assay conditions.
Analytical methods
Production of nucleosides was analyzed quantitatively with an ACE 5 μm C18-PFP column 250 mm × 46 mm (Advanced Chromatography Technologies) pre-equilibrated in 100% trimethyl ammonium acetate. Elution was carried out by a discontinuous gradient, 0-10 min, 100 to 90% trimethyl ammonium acetate and 0 to 10% acetonitrile, and 10-20 min, 90 to 100% trimethyl ammonium acetate and 10 to 0% acetonitrile. Retention times for the reference natural compounds (hereafter abbreviated according to the recommendations of the IUPAC-IUB Commission on Biochemical Nomenclature) were as follows: adenine (Ade): 10.14 min; 2′-deoxyadenosine (dAdo), 15.50 min; guanine (Gua), 8.1 min; 2′-deoxyguanosine (dGuo), 12.8 min; hypoxanthine (Hyp), 7.5 min; and 2′-deoxyinosine (dIno), 12.1 min. Retention times for the reference non-natural compounds (hereafter abbreviated according to the recommendations of the IUPAC-IUB Commission on Biochemical Nomenclature) were as follows: ara adenine (ara A), 14.0 min; ara guanine (ara G), 11.4; ara hypoxantine (ara H), 11.0; 2′-deoxy-2′-fluoroadenosine (2′ dFAdo), 17.0; 2′-deoxy-2′-fluoroguanosine (2′dFGuo), 13.6; 2′-deoxy-2′-fluoroinosine (2′dFIno), 13.3; 2′,3′-dideoxyadenosine (ddA), 19.0 min; 2′,3′-dideoxyiguanosine (ddG), 15.3 min; and 2′,3′-dideoxyinosine (ddI), 14.8 min.
Biochemical characterization
The optimal temperature for enzyme activity was determined by measuring the activity of LmPDT between 20 and 90°C using the N-deoxyribosyltransferase assay. The optimal pH for enzyme activity was also determined by measuring the activity in the pH range from 4 to 10, incubating 0.3 μg of pure enzyme with 10 mM 2′-deoxyguanosine (dGuo) and 10 mM adenine (Ade) in different reaction buffers (sodium citrate, pH 4-6; sodium phosphate, pH 6-8; sodium borate, pH 8-10) using standard reaction conditions. A similar approach has been followed to characterize the effect of ionic strength on enzyme activity. LmPDT activity has been measured at different concentrations of NaCl, ranging from 0 to 1000 mM. The thermal stability of LmPDT was studied by incubating enzyme solutions (60 μg/ml in 50 mM MES buffer, pH 6.5, or in 50 mM sodium borate buffer, pH 8.5), at temperatures ranging from 40 to 50°C. At regular intervals, 5 μL aliquots were withdrawn from the incubation mixture and the residual activity was determined at 40°C using dAdo synthesis from dGuo and Ade under the standard assay conditions. Enzymatic synthesis of natural and non-natural purine nucleosides from low soluble water purine bases Enzymatic synthesis of natural nucleosides was performed as described for N-deoxyribosyltransferase assay using different purine 2′-deoxyribonucleosides and bases (10 mM). Enzymatic synthesis of non-natural nucleosides was carried out incubating 3.0 μg of LmPDT with modified purine nucleosides (arabinosyl nucleosides, 2′-deoxy-2′-fluoronucleosides and 2′,3′-dideoxyribosylnucleosides) and natural purine bases at different conditions.
Enzyme crystallization and data collection
Crystallization of LmPDT (15 mg/mL in Tris buffer) was performed on VDX hanging drop plates (Hampton Research) at 291 K. Crystal plates grew in 25% PEG 3350, 0.2 M magnesium chloride, 0.1 M Tris-HCl, pH 8.5 (protein/precipitant drop ratio 2:1) by vapor diffusion.
For diffraction data collection, LmPDT crystals were transferred to an optimized cryoprotectant solution consisting of mother liquor plus 20% (v/v) glycerol before being cooled to 100 K in a cold nitrogen-gas stream. Diffraction data were collected on beamline BL13-XALOC at the ALBA synchrotron (Barcelona, Spain) with a Pilatus 6M detector (Area Detector Systems Corp.) and a crystal-to-detector distance of 242.38 mm. A total of 1440 images were collected with a 0.25°o scillation angle. Diffraction images were processed with XDS (Kabsch 2010) and the space group examination was performed with POINTLESS (Evans 2011). Crystals of LmPDT belonged to the monoclinic space group C2, with two molecules in the asymmetric unit and 36% solvent content within the unit cell. A summary of data collection statistics is provided in Table 1 .
Structure solution and refinement
The structure of LmPDT was solved by molecular replacement using phenix.phaser (McCoy 2007) . The atomic coordinates of nucleoside 2′-deoxyribosyltransferase from Trypanosoma brucei were used as search model (TbNDT; PDB entry 2A0K). Model rebuilding was performed manually using COOT (Emsley et al. 2010 ) and refinement was carried out with phenix.refine (Afonine et al. 2012) in PHENIX (Adams et al. 2010) . Refinement steps included xyz refinement, TLS, individual atomic displacement parameters (ADPs), addition of ligands, and solvent molecules. The refined structure has a final R-factor of 16.8% (R free = 20.5%) for data up to 1.66 Å. Analysis of the interfacial surfaces was done with the PISA server (Krissinel and Henrick 2007) . Analysis of the secondary structure was done with DSSP (Touw et al. 2015) . Stereochemistry validation was done with the Phenix MolProbity tool plus de wwPDB Deposition server. PyMOL (DeLano 2002) was used for structure visualization and figure preparation. Data collection and refinement statistics are listed in Table 1 .
Computational methods
Optimized geometries of the complex LmPDT with 2′-deoxyadenosine (dAdo) and Glu85-ribosylated form of the enzyme were achieved following a restrained molecular dynamics (MD) protocol using the Amber14 suite of programs (Case et al. 2014) . The X-ray crystal structure of L. helveticus purine 2′-deoxyribosyltransferase (LhPDT) in complex with dAdo (PDB entry 1S2G (Anand et al. 2004 ) was superimposed onto the crystal structure of LmPDT with PyMOL (DeLano 2002) and dAdo was manually docked into the binding site. Geometry optimization of dAdo and the ribosylated Glu85 was achieved in vacuo using the RESP ESP charge Derive Server (Vanquelef et al. 2011) following the standard procedure. The input files for dAdo and the ribosylated Glu85 were generated using the anterchamber utility included in the AMBER14 suite (Case et al. 2014) .
The conformation of the loop 43-46 of LmPDT in the presence of dAdo was modeled by means of unrestrained MD simulations at 300 K and 1 atm. All the positions of the Cα atoms of the protein, except those of the former loop, were restrained by imposing a harmonic force constant of 5 kcal mol
. In all systems, the protein was immersed in a box of~17,000 TIP3P water molecules that extended 25 Å away from any solute atom and 12 Na + ions were added to ensure electrical neutrality. The MD simulation was carried out as described before (Sánchez-Murcia et al. 2016 ) using the pmemd_cuda.SPFP module and the standard ff14SB force field parameter set in AMBER14. Our in-house MM-ISMSA program (Klett et al. 2012) was then employed on a set of 150 snapshots from the MD trajectory of the LmPDT/dAdo 
Analytical ultracentrifugation
Sedimentation velocity for LmPDT were carried out in 20 mM Tris-HCl, pH 8.0 at 20°C and 50,000×g in an Optima XL-I analytical ultracentrifuge (Beckman-Coulter Inc.), equipped with UV-VIS absorbance and Raleigh interference detection systems, using an An-60Ti rotor and standard (12-mm optical path) double-sector center pieces of Epon-charcoal. Sedimentation profiles were recorded at 292 nm. Sedimentation coefficient distributions were calculated by least-squares boundary modeling of sedimentation velocity using the continuous distribution c(s) Lamm equation model as implemented by SEDFIT 14.7g. Baseline offsets were measured afterwards at 200,000×g. The apparent sedimentation coefficient of distribution, c(s), and sedimentation coefficients were calculated from the sedimentation velocity data using the program SEDFIT (Brown and Schuck 2006) . The experimental sedimentation coefficients were corrected to standard conditions (water, 20°C, and infinite dilution) using the software SEDNTERP (Laue et al. 1992) to get the corresponding standard s values (s 20 , w ).
Accession number
The atomic coordinates and structure factors have been deposited in the Protein Data Bank with the accession code: 5NBR.
Results
Crystallization and structural characterization of LmPDT
Optimized crystals of LmPDT were grown by mixing LmPDT (15 mg/mL in 20 mM Tris-HCl, 0.1 M NaCl pH 8.0) with 25% PEG 3350, 0.2 M magnesium chloride, 0.1 M Tris-HCl, and pH 8.5 (protein/precipitant drop ratio 2:1). The highresolution crystal structure of LmPDT has been determined by molecular replacement using the structure of nucleoside 2′-deoxyribosyltransferase from T. brucei (TbNDT; PDB entry 2A0K) as a search model. The asymmetric unit contained two polypeptide chains with identical structures (the r.m.s.d. for 150 Cα positions is 0.41 Å) that are associated forming a dimeric assembly (see below). The final, refined model of the structure included chain A residues 1-154 and chain B residues 4-153. The 2F o -F c electron density map showed continuous density for the whole protein, excluding the side chains of chain A residues 43-46, which are located in the β2-α3 connecting loop in close proximity to the crystallographic twofold symmetry axis. All residues occupy favorable regions of the Ramachandran plot. Data collection and refinement statistics are shown in Table 1 .
The LmPDT subunit is a highly asymmetric α/β protein composed of a globular core and a large region situated between β4 strand and α6 helix comprised by residues 102-137, which is herein defined as the intersubunit zone (Fig. 1) . The core of the structure is composed of a central, parallel, fourstranded β-sheet (with 2134 topology) with two helices packed against each of its sides (α2-α6 and α3-α4, respectively) and a helix turn (α1). Conversely, the intersubunit zone protrudes from the core towards the accompanying subunit and contains two small β-strands (β5 and β6) and an additional helix turn (α5).
The hydrodynamic behavior of LmPDT studied by sedimentation velocity experiments showed that the enzyme behaves as a single species in solution with an experimental sedimentation coefficient of 3.13 S (s 20,w = 3.15) compatible with a globular species of 37 kDa. This agrees well with a dimeric assembly of LmPDT (theoretical mass of the monomer 18,706 Da), which is precisely the assembly observed in the LmPDT crystal. The analysis of the protein packing of this crystal with the PISA server (Krissinel and Henrick 2007) reveals a large contacting interface between subunits (~4500 Å 2 ) that mainly involves residues from helices α3, α4, and α6 from the globular core, and β6 strand from the intersubunit zone. Each α6 helix becomes sandwiched between helices α3# and α4# (# indicates structural elements from the accompanying subunit) and β6 strand rests above α1#. Some residues from the large β6-α6 connecting loop (residues 120-140), and α6 helix of one subunit form part of the substrate-binding pocket of the other subunit, which explains that the dimeric assembly is the minimum catalytic unit of these enzymes . In agreement with this, the hexameric assemblies observed in the bacterial homologues (see below) 2′-deoxyribosyltransferase from Lactobacillus leichmannii (LlNDT) and 2′-deoxyribosyltransferase type I from L. helveticus (LhPDT) (Anand et al. 2004 ) are trimers of dimers.
The global energy of interaction of the dimer interface was analyzed in silico and decomposed by residue using the approach MM-ISMSA (Klett et al. 2012 ). In Table S1 are listed those residues that contribute the most to the stability of the dimer along a molecular dynamics (MD) protocol where all the alpha-carbon have been positional restrained (see section Computational methods in Material and methods). Although the interaction between the C-terminal carboxylate moiety of Leu153 and the side chain of Lys5# has the large contribution, the interactions of the side chains of residues located on α4 helix (Arg74, Phe84, Tyr88) with residues on β6# strand and α6# helix (Met130, Leu118, Ser119, Ile131) are also relevant.
Structural similarity searches using the FATCAT (Ye and Godzik 2003) and DALI Lite v3 (Holm and Rosenström 2010) servers reveal TbNDT as the closest structural homolog of LmPDT (r.m.s.d. of 1.04 Å for 150 Cα atoms and a sequence identity of 63%) followed by 2′-deoxyribosyltransferase LlNDT (r.m.s.d. of 3.22 Å for 170 Cα atoms and a sequence identity of 18%; PDB entry 1F8Y) and LhPDT (r.m.s.d. of 3.17 Å for 170 Cα atoms and a sequence identity of 13%; PDB entry 1S2D). A similar result is obtained using the Dali Lite v3.0 server (Holm and Rosenström 2010) but in this case also appeared the putative nucleoside 2-deoxyribosyltransferase from Enterococcus faecalis (sequence identity of 22%; PDB entry 3EHD).
Architecture of the active site
The substrate-binding pocket of LmPDT is made up of residues contributed by the two interacting subunits. This feature is a signature of 2′-deoxyribosyltransferases (Fresco-Taboada et al. 2013; Armstrong et al. 1996; Anand et al. 2004 ). The catalytic Glu85, which occupies an equivalent position to Glu82, Glu101, and Glu98 in TbNDT, LhPDT and LlNDT, respectively (Fig. 2) , is located deep inside this pocket and hydrogen bonds through its side chain with the OH atom of the Tyr8 side chain. Theoretical computation of the protonation state of the protein at pH 7.5 with the H++ server (Anandakrishnan et al. 2012) shows that Glu85 may be protonated in the unbound state as was previously suggested by Short and co-workers in PDTs of Lactobacilli species . By comparison with LhPDT and LlNDT, it can be inferred that the residues of LmPDT that participate in substrate binding are Asn56, Asp79, Thr82, and Asn128# (Fresco-Taboada et al. 2013; Armstrong et al. 1996; Anand et al. 2004 ). Interestingly, Asn56 (Asn53 in TbNDT) is replaced by aspartic acid in LhPDT and LlNDT (Fig. 2) . Conversely, although in the active site of LmPDT several hydrophobic residues can be identified (Phe15, Ile60, Met281B), the contribution of aromatic residues is limited to Phe15 (equivalent to Tyr17 in LhPDT or Phe13 in LlNDT), which contrasts to LhPDT and LlNDT that possess several aromatic residues (Phe16, Tyr17, and Phe45 in LhPDT; Trp12, Phe13, and Tyr21 in LlNDT) Anand et al. 2004) .
The detailed analysis of the dimeric complexes of LmPDT or TbNDT and its comparison with the hexameric assemblies of LhPDT and LlNDT revealed that the stabilization of these latter higher order oligomers demands a long α3 helix and consequently a long β2-α3 connecting loop of the subunits (see Discussion for details). The much shorter α3 helix and β2-α3 connecting loop of LmPDT together with the location of α1 helix and the presence of the β6-α6 loop from the neighbor LmPDT subunit results in a different architecture of the substrate-binding pocket when compared to LhPDT or LlNDT. Yet this novel arrangement has minor consequences in the internal volume of the active sites as determined with the CASTp server (Dundas et al. 2006) , 810 Å 3 in LmPDT versus 870 Å 3 in LhNDT or 730 Å 3 LlNDT, respectively. Curiously, these figures contrast with TbNDT, which has a larger pocket (1130 Å 3 ). This difference can be attributed to Fig. 1 Representation of the dimeric assembly of the 2′-deoxyribosyltransferase LmPDT. One subunit of the dimer is shown as the surface model (yellow corresponds to the globular core and orange to the intersubunit zone) and the other one as the cartoon model (green for the globular core and blue for the intersubunit zone). The core of each subunit is composed of a central, parallel, four-stranded β-sheet with two helices packed against each of its sides (α2-α6 and α3-α4, respectively), and a helix turn (α1). The intersubunit zone contains the β-strands β5 and β6 and an additional helix turn (α5). The regular secondary structural elements of the cartoon model are labeled. The figure has been prepared with PyMOL (DeLano 2002) the specific conformation of the β2-α3 connecting loop: thus, whereas in LmPDT this loop is directed towards the pocket, in TbNDT it protrudes to the bulk solvent (Bosch et al. 2006) (Fig. S2 and supplementary video 1) . The poor electron density of the side chains of some residues from this loop in LmPDT (Asp43 to Ala46) suggests that this region is flexible and may play a role in substrate binding (see below).
The long β6-α6 loop of LmPDT not only covers the substrate-binding pocket of the associated subunit but also contains residues that probably participate in substrate binding such as Asn128. In close proximity to this latter residue is situated Glu121, which occupies an equivalent position to the carboxyl group of the C-terminal Tyr157 that has been shown to play an important catalytic role (Anand et al. 2004 ).
2′-Deoxyadenosine complex
With a view to understanding the binding of a nucleoside at the active site of LmPDT, the natural substrate 2′-deoxyadenosine (dAdo) was placed into the active site of the enzyme by means of docking and molecular dynamics (MD) protocols (see Computational methods in Materials and Methods). Briefly, the loop 43-46 was allowed to move freely along the MD simulation whereas a force constant of 5 kcal mol −1 Å −2 was applied to positional restrain the rest of the Cα atoms of the protein. In the resulting equilibrated structure, the loop 43-48 moves towards the bulk solvent, with the Asp43 side chain adopting a conformation that mimics the Glu50 side chain of TbNDT (Fig. 3a) . The interaction pattern shown in this figure reveals that the 2′-deoxyribosyl moiety of the deoxynucleoside is recognized by the side chains of the residues Asp79, Asn128, Glu85 (catalytic residue that is positioned by Tyr8), and Asn56 that participate in a dense network of hydrogen bonds (Fig. 3a) . Complementary, whereas the adenine is recognized by the side chain of Asn56 similarly to Asp75 in LhPDT, the amino group 6-NH 2 of the adenine interacts with the side chain of Glu121# in analogy to the carboxylate of the C-terminal Tyr in LhPDT (Anand et al. 2004) , as indicated before. The crystal structure of LmPDT reveals a glycerol molecule in each active site of the enzyme, in a location that superposes well with part of the 2′-desoxyribose ring of the in silico complex with dAdo (Fig. 3b) . In particular, the oxygen atoms of the glycerol molecule superimpose almost perfectly with the O3´, O4´, and O5´atoms of the 2′-deoxyribose and establish H-bonds with the side chains of Asp79, Glu85, similarly to the complex with dAdo.
Catalytic activity
The 2′-deoxyribosyltransferase activity of LmPDT was measured for a panel of donors (Urd, Ino, Ado, dUrd, dIno, dAdo, and dGuo) and acceptors (Ura, Hyp, Ade, and Gua) (specific activities summarized in Table 2 ). According to the experimental data, LmPDT should be classified as 2′-deoxyribosyltransferase type I since it catalyzed the transfer of 2′-deoxyribose exclusively between purine bases. It did not interchange bases between ribonucleosides and no activity was detected for the transglycosylation reaction between pyrimidine nucleobase as donors and/or acceptors.
It is noteworthy that LmPDT shows much higher specific activities than other reported type I NDTs under similar enzymatic assay conditions (Table 2 ). For instance, for the biosynthesis of 2′-deoxyadenosine from 2′-deoxyinosine and adenine, the specific activity showed by LmPDT (73.1 μmol min −1 mg ) (Kaminski et al. 2008) , respectively. The specific activities of LmPDT were approximately equal regardless of the donor, whereas a lower activity was found for guanine as acceptor (Table 2 ). This finding was corroborated using the same concentration of acceptor and 2′-fluoro-2′-deoxyadenosine as donor.
Structural insights explaining the lower activity of LmPDT towards guanine as acceptor when compared to adenine and hypoxanthine were obtained by analyzing the substrate-binding site with the program cGRILL (Cortés-Cabrera et al. 2015) . With this aim, affinity maps for the NH 4 + and oxygen probes were calculated for the putative ribosylated form of the enzyme in the absence of the nucleobase. Then, the three nucleobases were manually docked into the active site of LmPDT (Fig. 4) . Whereas Ade and Hyp would orientate their attacking nitrogen N9 into a favorable region according to the affinity map obtained with the O probe (red mesh), Gua in its near-attack conformation would orientate its carbonyl oxygen and the exocyclic amine group into unfavorable affinity regions; hence, formation of 2′-deoxyguanosine would be impeded on energetic considerations.
Temperature, pH, and ionic strength dependence of LmPDT catalytic activity
The effects of temperature, pH, and ionic strength dependence on the stability and activity of the enzyme were studied to determine the optimal operating conditions of the enzyme (Fig. 5) . On the one hand, the effect of temperature on LmPDT activity was examined by measuring the biosynthesis of dAdo from dGuo and Ade in the temperature range from 20 to 90°C using standard assay conditions. As shown in Fig. 5a , high activity (≥ 90%) was achieved between 30 and 70°C, with a maximum value at 40-50°C. On the other hand, the activity of LmPDT was also examined in the pH range from 4 to 10 under the same standard assay conditions (Fig. 5b) .
LmPDT displays a great operational activity in a broad range of pH (higher than 90% in a pH range from 5.5 to 8.5, and higher than 80% in a pH range from 5 to 9). Finally, LmPDT retains its catalytic activity at high salt concentrations (90% of activity remains at 0.5 M NaCl) (Fig. 5c ).
Enzymatic stability
The stability of a biocatalyst is defined as the time during which it retains 50% of its initial activity and could be affected by environmental conditions such as pH and temperature. In this sense, the temperature and pH effect on LmPDT stability was evaluated by incubating the enzyme for 48 h at 40°C at different pH conditions (6.5, 8.5, and 10) (Fig. 5d) . Regarding the latter parameter, unexpectedly, alkaline environments (pH 8-10) do not inactivate the enzyme during the assayed period.
Synthesis of non-natural nucleosides
The synthetic scope of LmPDT was evaluated for the glycosyltransfer reaction between several non-natural nucleosides, such as 2′-fluoro-2′-deoxy-, 2′,3′-dideoxy-, and arabinosyl nucleosides using adenine, guanine, and hypoxanthine under . b Effect of pH on TtHGXPRT activity, white triangle sodium acetate 50 mM (pH 4-6), black circle sodium phosphate 50 mM (pH 6-8), white circle sodium borate 50 mM (pH 8-10). c Effect of ionic strength on TtHGXPRT activity (black circle). d Thermal inactivation of TtHGXPRT at 60°C in sodium borate 50 mM (pH 8-10), white triangle pH 8, white circle pH 9, and black circle pH 10 Fig. 4 Affinity maps calculated for the NH4 + (blue mesh) and oxygen (red mesh) probes using the program cGRILL (29) within the active site of LmPDT with a adenine, b hypoxhantine, or c guanine considered as acceptors different assay conditions (Table 3 and Fig. S1 ). In contrast to the natural substrates, mild conversions were detected in HPLC after 4 and 24 h of reaction. Among the tested donors, 2'F-Ino afforded the highest yields in the transglycosylation to adenine and guanine. To a lesser extent, a similar reactivity was obtained for the dideoxynucleosides ddA and ddI as donors. Finally, when using the arabinosyl nucleosides (ara A, G, and H) as source of glycosyl, the activity of LmPDT was low.
Discussion
Purine nucleotides are essential compounds in all living organisms. They can be synthesized by the de novo and/or the socalled "salvage" pathways. Unlike their mammalian hosts, most parasites studied lack the pathways for de novo purine biosynthesis and they rely on the salvage pathways to meet their purine demands. Since the final objective of de novo synthesis is the production of inosine-5´-monophosphate (IMP), the absence of this metabolic route demands an efficient alternative to synthesize IMP (el Kouni 2003) . Most parasites circumvent this problem by an efficient and complex purine salvage pathway, formed by a substantial number of enzymes, such as nucleoside hydrolases, nucleoside phosphorylases, nucleoside kinases, 2´-deoxyribosyltransferases, deaminases, or phosphoribosyltransferases with the potential to be involved in cleaving, assembling, and interconverting scavenged nucleosides and nucleobases in parasites (el Kouni 2003) .
Since inosine and xanthosine kinases are detected in a low amount in Leishmania species (Datta et al. 2008) , phosphorylation of inosine seems to be a non-efficient way for the IMP synthesis. In addition, adenosine deaminase, which catalyzes the conversion of adenosine to inosine, is only present in Leishmania amastigotes (Datta et al. 2008 ). Due to this, ribophosphorylation of hypoxanthine by hypoxanthineguanine phosphoribosyltransferase (HGPRT) seems to be the most effective synthetic route for IMP synthesis.
One of the processes of purine recycling entails the removal of the ribose or 2′-deoxyribose moiety from purine nucleosides through the cleavage of C-N glycosidic bond. This process is accomplished by at least three types of enzymes: purine nucleoside phosphorylases, PNPs (EC 2.4.2.1); purine nucleoside h y d r o l a s e s , N H s ( E C 3 . 2 . 2 . 1 ) ; o r n u c l e o s i d e deoxyribosyltransferases, NDTs (EC 2.4.2.6). The presence of PNPs is not reported in Leishmania, and NHs are strictly specific for ribonucleosides, with negligible activity over 2′-deoxyribonucleosides (Shi et al. 1999; Versées and Steyaert 2003) , so NDTs is the only effective way to recover hypoxanthine. In addition, several lines of evidence suggest a specific role of PDT in the eradication of dIno from the cellular nucleoside pool by converting dIno to hypoxanthine, which can then be recycled to IMP by hypoxanthine phosphoribosyltransferase (Fresco-Taboada et al. 2013; Kaminski 2002; Steenkamp and Hälbich 1992) .
Here, we have reported a thorough functional and structural characterization of the purine 2′-deoxyribosyltransferase of L. mexicana (LmPDT). Analysis of the LmPDT structure and sedimentation velocity experiments reveals that the protein is a dimer similarly to TbNDT but in contrast to the bacterial, homolog enzymes LlNDT and LhPDT, which are homohexamers (trimers of dimers), revealing a marked pleomorphism within this family of proteins. The hexameric assembly of LlNDT and LhNDT belongs to the D3 dihedral group (Goodsell and Olson 2000) since it contains a threefold rotational symmetry axis perpendicular to a twofold axis (Fig. 6 ). Molecular interfaces between subunits related by the twofold axis result from the antiparallel stacking of α4 and α4# helices and the penetration of the α6 helix and the three C-terminal residues between the α3# and α4# helices (Fig. 6a) . Not surprisingly, these interfaces are essentially conserved in the four proteins (LmPDT, TbNDT, LhPDT, and LlNDT) since they are responsible for the built-up of the dimeric assembly, the basic catalytic unit of this family of proteins (Fig. 6b) . Nonetheless, an important difference is observed between hexameric and dimeric enzymes regarding these common interfaces. In particular, similar intersubunit interactions identified in LhPDT and LlNDT involving the C-terminal residues are observed neither in LmPDT nor in TbNDT what is remarkable since the carboxylate group of the C-terminal residue of LhPDT has been shown to play an important catalytic role (Anand et al. 2004 ). As indicated above, this role is now probably played by Glu121#, which occupy a similar location in LmPDT. Conversely, the main contacting interfaces between subunits related by the perpendicular threefold axis in LlNDT and LhPDT are formed by α3 helix that packs against a long C-terminal, irregular segment of the neighbor subunit (comprised by residues 155-162 in LhNDT and 146-151 in LlNDT) and only for LhPDT also by the side- by-side interaction between the β2 strand and the four Nterminal residues of the accompanying subunit. As expected, key structural elements involved in trimer stabilization are not present in LmPDT (Fig. 6d) . Within dihedral oligomers, novel interfaces may appear between subunits not related by rotational symmetry (Goodsell and Olson 2000) . In the case of LlNDT and LhPDT hexamers, this type of contacts is represented by interfaces between elements that belong neither to the same dimer nor to the same trimer. These types of contacts are exemplified here by interactions between the N-terminal ends of α3 helices from subunits not related by the rotational, molecular symmetry (Fig. 6a, c) . This is consistent with our observation that α3 helices from the hexameric enzymes are much longer than the equivalent from dimeric ones. This observation suggests that from a structural point of view, the stabilization of the hexameric assembly of LlNDT and LhPDT demands a long β2-α3 connecting loop (LhPDT; Fig. 6e ), or connecting region (LlNDT; Fig. 6f ), derived from their much longer α3 helices. We believe that this is relevant because this region is located above the substratebinding pockets of LlNDT and LhNDT and plays an important role in the definition of the substrate specificity of class I versus class II N-deoxyribosyltransferases (Anand et al. 2004) . Since the much shorter connecting loop of LmPDT or TbNDT enzymes does not cover their active sites, its specific functional role in LlNDT and LhPDT should be understood as an emergent feature that most probably results from the interplay between optimization of interactions within the higher order oligomeric assemblies endowed with D3 symmetry and their catalytic activity.
The poor electron density of the side chains of some residues from the much shorter β2-α3 loop in LmPDT (Asp43 to Ala46) suggests that it is flexible. Our combined crystallographic and in silico studies suggest that the dynamic features of this loop may be important in substrate-binding. Hence, whereas the conformation of this loop in the absence of bound substrate is revealed by the structure of LmPDT, our molecular dynamics studies suggest that the conformation of this loop with dAdo bound within the active site progresses towards the conformation found in the TbNDT structure ( Fig. S2 and supplementary video 1) . Fig. 6 Molecular symmetry of the hexameric assembly of Lactobacillus helveticus 2′-deoxyribosyltransferase (LhPDT) and structural comparison with the LmPDT subunit. a, b Orthogonal views of the hexamer of LhPDT. The twofold molecular symmetry axis is shown as an orange ellipse and the threefold axis as a black triangle; both axes are perpendicular to the plane of the figure. Blue circles indicate the contacting regions between subunits related by the threefold symmetry axis and red stars contacting regions not related by the molecular symmetry (see text for details). To facilitate the interpretation and also the comparison with LmPDT, a dimer of LhPDT is highlighted with yellow and green subunits. c, d
The same views as before but indicating the relative position of the LmPDT dimer (as surface model; one subunit green and the other yellow). Three-dimensional superposition of the LmPDT subunit (orange) with the LhPDT subunit (blue) (e) and LlNDT (magenta) (f). Helices are shown as solid cylinders and β-strands as arrows. The figures have been prepared with PyMOL (DeLano 2002) 
